Objectives-This study aimed to develop a physiologically based pharmacokinetic model for chlorobenzene and to investigate the effect of variation in exposure to chlorobenzene on the chlorobenzene concentration in blood and the urinary concentration of 4-chlorocatechol. Methods-A physiologically based pharmacokinetic model was developed and the simulated results of urinary 4-chlorocatechol concentrations were compared with the values found in experiments and field surveys. The area under the chlorobenzene concentration-time curve in blood (CBBauc) was selected as the measure of internal exposure related to the chronic effect of chlorobenzene. The maximum one-hour time weighted average value of chlorobenzene concentration in blood (CBBmax) was chosen as the measure of internal exposure related to the acute effect ofchlorobenzene. The total amount of urinary 4-chlorocatechol (TOTCC) and that excreted during the last four hours (CC(4-8)) or two hours 
Objectives-This study aimed to develop a physiologically based pharmacokinetic model for chlorobenzene and to investigate the effect of variation in exposure to chlorobenzene on the chlorobenzene concentration in blood and the urinary concentration of 4-chlorocatechol. Methods-A physiologically based pharmacokinetic model was developed and the simulated results of urinary 4-chlorocatechol concentrations were compared with the values found in experiments and field surveys. The area under the chlorobenzene concentration-time curve in blood (CBBauc) was selected as the measure of internal exposure related to the chronic effect of chlorobenzene. The maximum one-hour time weighted average value of chlorobenzene concentration in blood (CBBmax) was chosen as the measure of internal exposure related to the acute effect ofchlorobenzene. The total amount of urinary 4-chlorocatechol (TOTCC) and that excreted during the last four hours (CC(4-8)) or two hours (CC (6-8)) of exposure as well as that excreted during two hours on the next morning (CC (22) (23) (24) ) were used to represent concentrations of urinary metabolites. The effects of variation of the one-hour time weighted averages of airborne chlorobenzene exposure (CBAs) on the internal exposures and the concentrations of urinary metabolites were investigated with the pharmacokinetic model. Results-The comparison of the simulated results with the observed data showed that the pharmacokinetic model can be used to estimate the urinary concentrations of 4-chlorocatechol. The CBBauc and TOTCC were not affected by changes in both the geometric SD (GSD) of CBAs or the variations in CBAs. The CBBmax varied with changes in both the GSD and CBAs. The CC (4) (5) (6) (7) (8) and CC (6) (7) (8) did not vary with the GSD, but these concentrations were affected by the change in the CBAs. Although there was little effect of the GSD and CBAs on the CC (22) (23) (24) , this value highly reflected the exposure over the preceding days.
Conclusion-To protect workers from the chronic effect of chlorobenzene, it may be sufficient to control the daily average exposure. To protect from the acute effect, however, the short term exposure must be controlled as well. The values of CC(4-8) and CC (6) (7) (8) Figure 1 shows the diagram of our model. Table 1 summarises the parameters in the model.
The body is considered to consist of five groups of tissue for distribution of chlorobenzene (fig 1) : the lung, blood vessel rich tissues containing the brain, heart, and kidney, a group of tissues containing muscles and skin that have low perfusion rates, fatty tissues, and an organ of metabolism, the liver. The volume of each tissue group was determined by multiplying the body weight by the relative percentage of the tissue group, which was calculated from the equations described by Fiserova-Bergerova and Hughes '6 ( Astrand.20 It was assumed that metabolism of chlorobenzene occurs only in the liver and can be described by the "well stirred" model. 21 Sullivan et al found the apparent half life of pulmonary chlorobenzene elimination in rats after inhalation exposure. 22 With the elimination constant and physiological parameters in rats, the hepatic intrinsic clearance was calculated to be 5700 ml/h. The hepatic intrinsic clearance in humans was estimated to be 350 1/h (60-70 kg body weight) based on assumptions that the Michaelis constant (Km) value is fixed between species and the (7) Rest ( maximum enzymatic reaction rate (Vmax) is linear to the 0 7 power of body weight. The proportion of 4-CC in all metabolites of chlorobenzene was assumed to be 35% (as chlorobenzene) so that the total amount of urinary 4-CC (as chlorobenzene) was close to 26-5% of the total amount of chlorobenzene passing through the lungs, which was based on the study by Ogata et al. 4 The urinary elimination rate of 4-CC was assumed to be linear to the body burden. The urinary elimination constant of 4-CC was determined to be 0-315/h according to the urinary excretion curve after inhalation exposure to 10 and 50 ppm by human volunteers. 4 We expressed the urinary 4-CC concentration relative to creatinine excretion, assuming that the urinary elimination rate of creatinine is 1-5 g/day in a human of 60 kg body weight and is a linear function of the volume of the muscle group of tissues.'
COMPUTER SIMULATION To check the appropriateness of our model, the simulated concentrations of urinary 4-CC were compared with values found in experimental and field studies.
Experimental data Urinary 4-CC concentrations were simulated with an exposure of 10 ppm for three hours in the morning and for four hours in the afternoon with a break of one hour in between. The simulated results were compared with the human experimental results reported by Ogata et al. 4 Because the mean minute ventilation of the human volunteers was reported to be 8-49 I/min, alveolar ventilation of The total amount of urinary 4-CC (TOTCC), the 4-CC concentration in urine excreted during the last four hours of exposure (CC (4-8)) , that during the last two hours of exposure (CC (6-8) (fig 2) . Figures 3 and 4 show the results of the simulation and the field study. For worker B (fig 4) , although the simulated concentrations of urinary 4-CC were about half of the corresponding values found in the first half of the shift, the agreement was within 15% over the last four hours. For worker A (fig 3) , all estimated values except one were within 20% of the values found over the last four hours. affected by a change in the permutation of CBAs. Table 5 Table 6 shows the simulated results of TOTCC. The means of TOTCC were 82-9 mg with CVs of <0 01, which suggest that TOTCC did not vary with changes in both GSD and the permutation of CBAs. Table 7 shows the simulated results of CC(4-8), CC (6) (7) (8) , and CC (22) (23) (24) on the first day of exposure and on Thursday in a steady state week. The means of CC(4-8), CC(6-8), and GC(22-24) were 89-0-89-7, 102-103, and 6-1 mg/g creatinine on the first day, and 101-102, 114-115, and 12-8 mg/g creatinine on Thursday in a steady state week. Consequently, these mean values almost Table 7 Effect of variation of exposure to airborne chlorobenzene on urinary 4 never varied, regardless of any changes in the GSD of CBAs. The CC(4-8) and CC (6) (7) (8) values in each trial were affected to a certain extent by changes in the permutation of CBAs, especially in the case with the largest GSD, because the CVs ranged from 0-06 to 0-18. The relation found between these urinary 4-CC concentrations and the variation in seven CBAs was that when the CBAs at the start and end of the shift were low and the CBAs in the middle of the shift were high, the CC(4-8) and CC (6) (7) (8) were the largest.
EFFECT OF VARIATION IN AIRBORNE EXPOSURE ON INTERNAL EXPOSURE
Inversely, when the CBAs at the start and end of shift were high and the CBAs in the middle of shift were low, the CC(4-8) and CC (6) (7) (8) were the smallest. On the other hand, the CVs of CC (22) (23) (24) were 0-02-0-08, which were less than those of CC(4-8) and CC (6) (7) (8) .
Consequently, the effect of the permutation of CBAs on CC(22-24) was low.
The means on Thursday in a steady state week increased by 13% of the means on the first day of exposure for CC (4) (5) (6) (7) (8) , by 12% for CC (6) (7) (8) , and by 110% for CC (22) (23) (24) . This finding suggests that the CC (22) (23) (24) value is greatly influenced by the previous exposures in comparison with CC(4-8) and CC (6) (7) (8) .
Discussion
A physiologically based pharmacokinetic model that consisted of five tissue groups was used in general to describe uptake, distribution, metabolism, and elimination of organic solvents in the human body.9 13 The metabolic rate for chlorobenzene was assumed to be of the first order in our model. The simulations in this paper were not of high exposure, because the daily average CBAs was 10 ppm and the maximum CBA was 31-1 ppm. The maximum one-hour TWA value of chlorobenzene concentration in the liver from all 1200 trials was 0 46 mg/l, so that the chlorobenzene concentration in venous blood leaving the liver was <0 13 mg/l. Koizumi estimated the Michaelis constants (Km) for trichloroethylene to be 2-5 mg/l and for tetrachloroethylene to be 1-0 mg/l in humans."
The Km value for styrene was shown to be 0 36 mg/l and for n-hexane 0-58 mg/I.'2 13 If the Km value for chlorobenzene is similar to that for these organic solvents, the metabolic rate is considered to be roughly of the first order in our exposure scenarios, because the chlorobenzene concentration in venous blood leaving the liver was much less than the Km value.
The The present simulation showed that the CC(4-8) and CC(6-8) did not vary with the GSD of CBAs. Although these concentrations of urinary metabolite were affected by the permutation of CBAs, the CC(4-8) and CC (6) (7) (8) were acceptable for estimating the daily average exposure, because the CVs (0 07-0 18) were not very high. Although the effect of the GSD and permutation of CBAs on the CC (22) (23) (24) was low, this concentration of urinary metabolite was not acceptable for estimating the daily average exposure, because it highly reflected the exposures of the previous days.
Our study examined the effects of variation in airborne exposure on the internal exposure 
